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I. Abstract
This research investigates a novel approach to apply an organic-oxide interfacial layer on the studies of organic electronic devices, including organic light-emitting diodes and organic solar cells. The interfacial reaction at the unique organic-oxide layer/metal junction is investigated by the X-ray photoelectron spectroscopy. The • Introducing an organic-oxide cathode buffer layer suppresses the oxidation and the diffusion of the Al atoms into the functional polymer layer. The formation of a carbide-like (negative carbon) thin layer, which accompanies interfacial interactions, is critical to the injection of electrons through the Al cathode.
• The electroluminescence efficiency of phenyl-substituted poly(para-phenylene vinylene) copolymer-based PLEDs is 0.16 cd/A when Al is used as the device cathode, but is approximately enhanced by two orders of magnitude, 14.53 cd/A, when an organic oxide/Al composite cathode is used. • The sulfonated poly(diphenylamine) (SPDPA) is used as a novel hole collecting layer (HCL) for the studies of polymer photovoltaic (PV) cells.
• P3HT:PCBM-based polymer solar cells have a power conversion efficiency of 4.2% and fill factor of 0.68 while SPDPA is used as the HCL. The performance is superior to that of (3.6%, 0.65) PV cells applying commercial poly (3,4-ethylenedioxythiophene) :poly(styrenesulfonate) (Baytron AI 4083) as the HCL.
• The hole mobility and the crystallinity of P3HT polymer is improved by the SPDPA placed between the ITO/glass substrate and the active layer, which account for an enhanced device performance. Introduction Aluminum (Al) is frequently used as electrodes in fabricating organic electronic devices, including organic/polymer light-emitting diodes (O/PLEDs), [1] [2] [3] organic photovoltaic or solar cells [4] [5] [6] and organic thin-film transistors. [7] [8] [9] However, the surface of Al, which intrinsically has a very large amount of non-bonding orbitals (dangling bonds) or surface states, is very active, oxidizing immediately when exposed to the atmosphere and tending to react with organic materials during vacuum thermal evaporation. [10, 11] Additionally, the release of energy of Al followed by the condensation of metallic vapor on the substrate of organic/polymer film at room temperature breaks chemical bonds. Changes in the polymer configuration affect the overall performance of the devices and have stimulated the interest of many researchers. [12] [13] [14] [15] [16] Adding a thin layer of the inorganic salts, such as lithium fluoride (LiF) (<1 nm) [3, 17, 18] and cesium carbonate (Cs 2 CO 3 ), [19] ionomers [20] or organic salts that contain Li or calcium (Ca) ions [21, 22] Introducing a thin layer of ethylene-oxide derivative into the cathode interface of O/PLEDs facilitates the injection of electrons through the Al cathode and inhibits the metal-induced quenching sites of luminescence in the light-emissive layer near the recombination zone. Additionally, the organic oxide film somewhat blocks the excitons from the metal cathode, increasing the probability of radiative recombination. In this work, the interfacial properties at the polymer/metal junction in PLEDs with and without the deposition of an ultra thin organic-oxide interlayer are studied by X-ray photoelectron spectroscopy (XPS). The vacuum thermal deposition of Al is suggested to oxidize the surface of the conjugated polymer, where introducing an ultra-thin (2~5 nm) organic-oxide buffer layer at the polymer/metal junction suppresses the oxidation of the HY-PPV. The formation of a carbide-like layer at the junction interface, which is characterized by the XPS, accompanies the interfacial reaction and is important in facilitating the injection of electrons through the Al electrode. 
Experimental Section
Fabrication of PLEDs. The device configuration, as shown in Fig. 1 Results and discussion respectively. The #4 (287.9 eV) peak is tentatively attributed to C=O bonds and the #5 (288.5 eV) peak is assigned to the carbon atoms in a highly oxidative environment, such as those in carboxylate ester groups. [33] [34] [35] The intensity of peaks #4 and #5 in Fig. 3 (a) is low, suggesting some unintentional oxidation or contamination of the polymer surface. In
Figs. 3(c) and (d), the #1 (283.1 eV) peak is observed for the HY-PPV films on which had been deposited PEGDE and Al. The binding energies of carbon atoms in this range typically correspond to the carbide-like bonds. [15] The origin or formation of the carbide-like carbons is probably correlated with the interaction between the PEGDE buffer film and Al, as will be discussed below.
In Fig. 3(b) , the evaporation of a thin Al layer on an HY-PPV surface changes the relative ratio of the intensities of the deconvoluted peaks and increases the intensity of the high-energy tail in the C 1s core level spectrum above that in Fig. 3(a) . The intensity of the #3 peak in Fig. 3(b) is approximately halve, which halving accompanied by a relative increase in the #2 peak (C-C and C-H bond). This result supports the assertion that some C-O bonds at the HY-PPV surface break following the deposition of the Al layer. [36] Furthermore, the marked increase in the intensity of the #5 peak above that in Figs Devices that were fabricated with the same geometry and under identical conditions, but using Ag rather than Al as the metal electrode, were prepared for comparison. Figure 6 presents the normalized and deconvoluted C 1s core level spectra obtained from HY-PPV/Ag50, HY-PPV/PEGDE25/Ag50, and HY-PPV/PEGDE100/Ag50 surfaces. The best fittings obtained after the deconvolution of the XPS spectra are comprised of only three peaks. The peaks #1 and #5, which correspond to the carbide-like and highly oxidized ester-like carbon species, respectively, as observed in Fig. 3 , cannot be extracted . Simultaneously, the enhanced short circuit current density (J sc ) and PCE could be observed due to the reduction of the series resistance (R s ). In any event, related literatures indicated that the buffer layers in organic or polymer electronic devices played a significant role to control the carrier transport or collection. Besides, HCL may influence the arrangement of active layer due to its interfacial interaction. In the case of organic field effect transistor, the molecular orientation of P3HT was controlled by various functional groups of self-assembled monolayers due to the difference of intermolecular interaction between P3HT and subtrate 10 . The different surface treatment, converting the hydrophilic surface to hydrophobic surface, would probably improve the surface roughness, orientation and crystallinity of P3HT film.
Herein, we reported a novel hole collecting layer, sulfonated poly(diphenylamine) (SPDPA), with high transmittance (near 80% transmittance in visible region) and appropriate work function (~5.24eV). Due to the specifics of chemical structure, polarity, and surface energy, SPDPA layer would assist in the crystallinity of P3HT in the active layer during the spin-coating and film-growing process, resulting in the enhanced PCE.
Experimental section
The novel hole collecting layer, SPDPA, was synthesized by a oxidative polymerization coupled with a facile sulfonation process. The detailed preparation procedure and characterization can be referred to our previous work 
Results and discussions
The device performance of PV cells is persuaded by Jsc, Voc and FF while these parameters are directly determined by overall device resistance, including intrinsic conductivity of collecting layer, barrier height at interface and the carrier mobility of active layer. Accordingly, the corresponding data of polymeric characteristics are listed in Table 1 . The work function of SPDPA (5.24eV) and PEDOT:PSS (5.07eV) is higher than HOMO of P3HT (4.9eV). It implies that both cases can avoid unnecessary interfacial barrier and meanwhile the former is superior to the latter. Besides, the morphology of active layer could be affected by the surface energy and polarity of bottom layer upon annealing process 14, 15 , so the contact angle and surface energy experiment were also examined. The small contact angle and high surface energy of SPDPA are attributable to its hydrophilic property because of NH and SO 3 H groups (one SO 3 H group attached to every phenyl rings) on its polymer chain. The high conductivity of HCL is also an important factor to avoid transporting bottleneck in hole collecting electrode.
Unfortunately, SPDPA has the lower conductivity than PEDOT:PSS. To circumvent the above drawback, the thickness of SPDPA layer can be reduced for the optimal resistance.
The In our case, V oc is accordingly determined by the molecular energy difference between the donor HOMO and the acceptor LUMO. For the convenience of further discussion, all performance parameters derived from Figure 1 are listed in Table 2 . Surprisingly, both J sc and PCE progressively increase with decreasing SPDPA thickness. The device based on SPDPA (10 nm) can achieve 4.2% PCE, which obviously exceeds 3.6% based on PEDOT:PSS. On the contrary, less J sc was collected from the device based on 26 nm SPDPA than PEDOT:PSS, being attributable to the lower conductivity of SPDPA. For a comparison, the device based on 10 nm PEDOT:PSS were also fabricated and the corresponding data was summarized in Table 2 . Although thickness of PEDOT:PSS was diminished for avoiding the hole transporting obstruction, the device performance was no significantly enhanced. The series resistance (Rs) including the resistance of active layer, metal-organic contacts, and the resistance of collecting electrode represents the Ohmic loss, significantly affecting the device performance 9 . Here, the data of Rs were calculated from J-V curves under dark (Figure 1(b) ). The Rs also decreases with decreasing SPDPA It is interesting that the device based on 10nm SPDPA possesses 4.2% PCE with high value FF at 0.68, being attributable to the higher hole transporting property than PEDOT:PSS. Related literatures indicate interfacial interaction can influence molecular arrangement upon casting film 10, 16 . Figure 3 shows Atomic force microscopy (AFM) height images for observing the surface of P3HT:PCBM coated on PEDOT:PSS and SPDPA via solvent annealing process. A very thin film has been also prepared by spin-coating at 1200 rpm to observe the morphology of active layer relatively near HCL (denoted as fast-grown film). In order to circumvent the bottom layer roughness, the surface roughness of SPDPA and PEDOT:PSS coated on ITO was ascertained to be the same (Table 1 ). For P3HT:PCBM film on PEDOT:PSS, the root mean square (rms) roughness of fast-grown film and slow-grown film is 1.12 nm and 8.07 nm, respectively.
The surface roughness enlarges via solvent annealing process due to the presence of polymer self-organization. Similarly, more rough surface was observed in slow-grown film (rms~12.61 nm) than fast-grown film (rms~1.78 nm) for P3HT:PCBM on SPDPA.
Meanwhile, the surface roughness is larger on SPDPA than PEDOT:PSS. Regarding coarse surface roughness, some reports considered the existence of interfacial area for charge separation 1 or high crystallinity within two phase networks 4 .AFM image practically investigate the surface morphology of the film, being unable to determine the structure of active layer. Therefore, the synchrotron grazing-incidence X-ray diffraction (GI-XRD) measurement is proposed to support the above speculation and while grazing incidence is fixed at very small angle in order to observe the same basis of thickness. . It is considered that SPDPA with strong polarity could assist active layer in arrangement of a-axis orientation. On the other hand, the high surface energy of SPDPA prompts P3HT:PCBM to instant adhesion and orientation, being observed in fast-grown film. As P3HT:PCBM near interface is guided by SPDPA toward more order orientation, layer-by-layer film would be favorable to self-prganizing into highly ordered lamellar architecture. Thus, the overall active layer enhances crystallinity.
From the above discussion of roughness and crystallinity of P3HT on SPDPA, we presume the hole mobility is enhanced. In order to cross-check this presumption, we fabricated hole-only devices as following structure: ITO/HCL/P3HT:PCBM/ Au/Ag. The J-V curves of the hole-only devices are shown in Figure 5 . Here, we correct voltage (V appl ) with build-in potential (V bi ) by V=V appl -V bi . The device based on SPDPA exhibits the more current density than that on PEDOT:PSS at the same operating voltage, confirming the enhancement of hole mobility by SPDPA. Futher, the curves are fitted by SCLC model at low bias for calculating hole mobility 17 . The calculation is followed by J= 9ε 0 ε r μV ). It steadily confirms our presumption that the high PCE of the device based on 10 nm SPDPA is attributed to the increased crystallinity P3HT and the enhanced hole mobility.
Conclusions
We have a successful demonstration using SPDPA as HCL in polymer PV cells. The better device performances including 4.2% PCE, 0.68 FF, and 65.2% IPCE can be found in the device based on 10 nm SPDPA than PEDOT:PSS as HCL. The role of 10 nm SPDPA is used to obtain the high crystallinity of P3HT; to enhance the hole mobility; to reduce the series resistance; and to have the Ohmic contact between HCL and P3HT. This successful demonstration will stimulate wide studies of polymer PV cells with the inverted structure because SPDPA can be well dissolved in other organic polar solvents. c. Calculated by the J-V curves in the dark. • Depth-profile measurement of X-ray photoelectron spectroscopy will be used to in-situ characterize the unique carbon-metal properties at the cathode interface.
• Development of the novel Al-C nano-composite materials.
VII. Conclusions
We had presented the fundamental studies on the polymer/metal junctions of iii) The studies of the novel and giant magneto photo-conductance effect on polymer photovoltaic cells made of intrinsically non-magnetic organic components. The photovoltaic effect of the polymer BHJ solar can be modulated by the applied magnetic field, which could become a study for the novel type of energy source.
